OBJECTIVE: Adipocyte apoptosis plays an important role in adipose tissue homeostasis and can be altered under a variety of physiological and pathological conditions. This study was carried out to determine whether laser scanning cytometry (LSC) can be used to measure changes in apoptosis of adipocytes over time. DESIGN: LSC was used to investigate adipocyte apoptosis induced by tumor necrosis factor-alpha (TNF-a), a cytokine that is associated with obesity and insulin resistance. LSC, a slide-based solid phase cytofluorometer, provides quantitative flow fluorescence data together with morphological information for apoptotic detection. Both 3T3-L1 cells and rat adipocytes from primary cell culture were incubated with 0 or 25 nM TNF-a for up to 24 h. Both the FITC-conjugated annexin V/propidium iodide assay and the TUNEL assay were used to distinguish cells with apoptotic characteristics from nonapoptotic cells. RESULTS: Apoptosis did not increase over time in the absence of TNF-a for both 3T3-L1 cells and rat primary adipocytes. For both 3T3-L1 cells and rat primary adipocytes, a significant increase in the percentage of apoptotic cells was observed by 3-4 h incubation with TNF-a (Po0.05). By 24 h, more than 50% of cells incubated with TNF-a were apoptotic (Po0.001). This process was also associated with morphological changes typical of adipocytes undergoing apoptosis. By estimating the percentage of cell subpopulations after different times of incubation with TNF-a, we were able to develop grading parameters, based on the adipose apoptotic measurements. CONCLUSION: With morphological information, LSC can be a useful tool to evaluate adipocyte apoptosis.
Introduction
Adipose tissue is an important component of the body's energy balance regulatory system. Although in the past, energy storage was believed to be its only function, 1 it is now recognized that adipose tissue also plays an important role as an endocrine organ. 2, 3 Secreted proteins produced by adipocytes are involved in a variety of metabolic functions and serve as signals of peripheral energy balance to the central nervous system. Owing to the tremendous rise in the incidence of obesity and type 2 diabetes, diseases in which adipose tissue plays a central role, there is an even greater urgency today in understanding critical aspects in adipose tissue growth and physiology. The molecular regulation of adipogenesis, the development of fat cells from preadipocytes, has been intensively studied; 4 however, there is relatively little known about the other end of the lifecycle of adipocytesFapoptosis or the regulated destruction of adipocytes.
Although it was once believed that adipocyte acquisition was permanent and that weight loss caused a decrease in cell size only, 1 it is now recognized that adipocyte acquisition is balanced by a process including cell deletion. 5, 6 One factor that is known to cause apoptosis of adipocytes is tumor necrosis factor alpha (TNF-a), a cytokine that plays key roles in both proinflammatory processes and the development of insulin resistance. 7, 8 Apoptosis is a closely regulated event, occurring under both physiological and pathological conditions. Apoptosis can be triggered through either a mitochondria-dependent pathway or via cell surface death receptor-mediated pathway, both of which lead to the activation of a cascade of proteases, called caspases, resulting in cleavage of nuclear and cytoplasmic substrates, DNA fragmentation and condensation, and ultimately, removal of the apoptotic cells by phagocytosis. 9 To detect apoptosis, several techniques have been developed based on the understanding of morphological, biochemical and molecular mechanism involved. Changes in the phospholipid bilayers of cell membranes are observed early in the apoptosis process. The phosphotidylserine (PS) component of the phospholipid bilayer is externalized and can be detected by fluorescence labeling. 10, 11 Annexin V (AV), a member of the annexin family of calcium-dependent phospholipid-binding proteins, has a high affinity for PScontaining phospholipid bilayers. FITC-conjugated AV is used as a fluorescent dye to detect this early event in apoptotic cells.
As the apoptotic process progresses, cell membranes lose integrity, allowing chromosomal DNA to be exposed. Propidium iodide, a fluorescent dye that binds to DNA, can be used in conjunction with FITC-conjugated AV to identify subpopulations of cells with end-stage apoptotic changes. 12 The TUNEL enzymatic labeling assay is another method used to detect apoptosis in individual cells. 13 Extensive DNA fragmentation/degradation is a characteristic event that occurs in apoptosis. The TUNEL assay is used to detect DNA strand breaks by labeling the free 3 0 -OH ends. Both of these assays can be used in conjunction with laser scanning cytometry (LSC) to provide both quantitative and morphological analysis of apoptosis. 12 LSC uses lasers to excite fluorochromes in cellular specimens and detects the fluorescence in discrete wavelengths with multiple photomultiplier tubes (PMTs). Data are collected on heterogeneous populations of cells, and software analysis tools are used to obtain statistical analysis of the populations. LSC also creates temporary digital images of the specimens on microscope slides and employs image processing algorithms to identify and segment the 'events' (eg, individual cells). LSC can additionally find and quantitate events by multiple filter setting, for example, making it possible to distinguish cytoplasmic fluorescence from nuclear fluorescence. Finally, LSC generates high-resolution images that allow visual inspection of individual cells of interest.
In this study, we used LSC to investigate the progression of apoptosis in adipocytes treated with TNF-a in vitro over a 24 h period. Our findings indicate that LSC is an effective tool for studying the progression of apoptotic changes in different populations of adipocytes in response to an apoptotic stimulus.
Materials and methods
Rat primary adipocyte culture Inguinal fat pads from 8-week-old male Sprague-Dawley rats (B100 g body weight) were excised aseptically. Adipose tissues from pairs of rats were pooled, minced and incubated with digestion buffer (0.1 M HEPES, 1.5% bovine serum albumin with 3.2 mg/ml collagenase (Sigma, St Louis, MO, USA)) in a shaking water bath at 371C for 2 h, followed by filtration through double filters with 180-and 20-mm nylon /well density). To allow differentiation to mature adipocytes, one day after seeding, the medium was changed to serum-free DMEM/F12 with ITTS (Sigma, containing 850 nM insulin, 64 nM transferrin, 29 nM sodium selenite and 2 nM T 3 ) for 6-8 days. Cells were then treated with low-level insulin (8.5 nM) ITTS medium for 12 h prior to TNF-a treatment.
3T3-L1 cell culture 3T3-L1 mouse embryo fibroblasts were obtained from American Type Culture Collection (ATCC, Manassas, VA, USA) and cultured as described elsewhere.
14 In brief, cells
were grown in 10% FCS/DMEM medium. After inducing confluent preadipocytes for 2 days (Day 0), cells were cultured with 10% FBS/DMEM culture medium, supplemented with 167 nM insulin, 0.5 mM isobutylmethylxanthine (IBMX) and 1 mM dexamethasone for 2 days (day 2). Cells were then maintained in culture medium with 167 nM insulin supplement for another 2 days (Day 4), followed by culturing with 10% FBS/DMEM medium for additional 4 days, at which time more than 90% of cells were mature adipocytes that accumulated fat droplets and were ready for TNF-a incubation. Cells were cultured at 37C in a humidified 5% CO 2 atmosphere. All media contained 100 U/ml of penicillin, 100 mg/ml of streptomycin, and 292 mg of L-glutamine/ml (Invitrogen, Carlsbad, CA, USA).
TNF-a incubation experiments
All experiments were performed in duplicate or triplicate on two occasions. In total, 25 nM rat recombinant TNF-a (Sigma, in PBS/0.1% bovine serum albumin) was added to the culture medium (in DMEM/F12 for rat adipocyte culture and 10% FBS/DMEM for 3T3-L1) for up to 24 h. In a separate experiment, cells were treated similarly, except without the addition of TNF-a, for 0, 12 and 24 h.
Annexin V/propidium iodide (AV/PI) assay for apoptosis Monolayer cells were washed twice with cold PBS and once in binding buffer, then incubated for 10 min with 5 ml AV-FITC and 5 ml propidium iodide (PI) in 400 ml binding buffer (BD Biosciences, San Diego, CA, USA) at ambient temperature in dark with gentle agitation for 10 min. 
Statistical analysis
Data were analyzed by one-way ANOVA according to the general linear model procedure using SAS 15 and were expressed as least-square means7s.e.m. Po0.05 was considered significant.
Results
The AV/PI combination assay detected apoptotic cell membrane phosphatidyl serine (PS) externalization and served as a measure of adipocyte viability. Utilizing these two stains, the LSC system can provide information about the progression from early apoptotic events to end-stage apoptosis by measuring the relative changes in percent of cells stained with AV and PI over time (Figure 1) . In each scattergraph, cells in the lower left quadrant (Q1) have a low intensity of staining with either AV or PI, and are considered to be normal cells. Cells in the upper left quadrant (Q2) are stained primarily with AV, indicating early apoptosis. Cells with both AV and PI staining are entering a later stage of apoptosis and appear in the upper right quadrant (Q3). Cells with only PI staining appear in the lower right quadrant (Q4). These cells are dead, but at this stage death by necrosis cannot be differentiated from death by apoptosis. It is the progression of changes over time that indicates that cells are becoming apoptotic and dying. In this study, the number of apoptotic cells at each time point was determined by the total number of cells in quadrants 2, 3 and 4. Quadrant settings are determined by the software, using intensity value criteria for each channel that are set by the user.
In control 3T3-L1 cells, the percent of apoptosis was low, as indicated by low levels of both AV and PI fluorescence (Figure 3, 0 h ), and apoptosis did not increase significantly over time (Figure 2 ; 3T3-L1 adipocytes: F[2,11] ¼ 2.46, NS). In Figure 1 Example of LSC-generated scattergraph. Graphs are divided into four quadrants based on differences in the intensity of AV and PI fluorescence. Laser scanning cytometry for adipocyte apoptosis J Lin et al rat adipocytes, the basal level of apoptosis was higher than in 3T3-L1 cells, most likely a result of the reduction in insulin concentration in the incubation medium after cells reached maturity. However, as with the 3T3-L1 adipocytes, the percent apoptotic cells did not increase over the 24 h period (F[2,9] ¼ 0.95, NS; Figure 2 ).
TNF-a (25 nM) induced apoptosis in both rat primary adipocytes and murine 3T3-L1 adipocytes, as detected with both AV/PI and TUNEL methods (Figures 3-5) . With increased TNF-a incubation time, the percentage of apoptotic 3T3-L1 cells increased, as indicated by the gradual increase in AV fluorescence (Figure 3 , Y-axis). After 2 h, there were still relatively few cells with PI fluorescence, indicating that the cell membrane was intact ( Figure 3, 2 h ). As incubation proceeded, however, PI fluorescence increased in the cell population, demonstrating a shift in the number of cells in late-stage apoptosis (Figure 3, 7 h) . By 24 h, more than half of the cells were at late-stage apoptosis, as characterized by high intensity of PI fluorescence with reduced AV fluorescence (Figure 3 , 24 h and Figure 4a ). Figure 6 shows fluorescent images of 3T3-L1 adipocytes with different AV/ PI fluorescent intensity, captured after LSC scanning using relocalization through CompuSort software.
Rat adipocytes responded to TNF-a with the same temporal pattern of apoptosis (Figure 4b ). Compared with 3T3 L1 adipocytes, the basal apoptotic percentage was higher in rat adipocytes (Figure 2 ), which could be a result of using serumfree medium and decreased insulin concentration in the rat adipocyte culture, as well as the fact that it was a more variable cell population. We also noticed that in rat adipocyte culture, some cell clusters were excluded from LSC analysis. As the AV/ PI assay was used with live cells and the staining procedure was short, the threshold fluorescence intensity may not have been reached for those cells.
TUNEL method analysis by LSC yielded results similar to those using the AV/PI method. At 1 h incubation with TNF-a produced both weak fluorescent TUNEL signals and low cell Laser scanning cytometry for adipocyte apoptosis J Lin et al counts. After 4 h TNF-a incubation, TUNEL fluorescence significantly increased ( Figure 5 ), along with increased cell counts, indicating that more cells were undergoing DNA fragmentation. After 24 h TNF-a treatment, some cells had detached and were floating in the medium. These were washed out prior to LSC analysis. This could result in an underestimation of total percent of apoptotic cells. Figure 7 shows fluorescent images of rat adipocytes captured through CCD camera demonstrating TUNEL labeled fragmented DNA (green) in apoptotic cells compared to intact nuclei (PI, red) of nearby normal cells.
Discussion
Our study demonstrated TNF-a induced adipocyte apoptosis in vitro, as measured by LSC. Several techniques have been developed to detect apoptosis that are based on morphological, biochemical or molecular mechanisms of the apoptosis process, including light and electron microscopy, laser scanning confocal microscopy, flow cytometry, gel analysis of DNA fragmentation, and certain apoptotic factor assays. All of these assays have some advantages and limitations. 16 LSC has recently been developed and is a microscope-based cytofluorometry method. 12, [17] [18] [19] The LSC includes a digital microscope and an image processor to automatically segment cells and measure stoichiometric quantitative and morphological features of each cell. The LSC applies userdefined sets of rules to segment cells, and the image processing software extracts measurements for a variety of event features, including total fluorescence at each detector wavelength, peak brightness of each detector's signal, absolute position of the event, nuclear vs peripheral fluorescence, etc. A unique feature of LSC is that every event (cell) recorded with fluorescence can be visualized after the completion of the analysis using Compusort software; thus, LSC allows the analysis of a cell population quantitatively and with morphological evidence, as seen in this study (Figures 6 and 7) . By applying LSC in conjunction with AV/PI, we developed a method to evaluate apoptotic progress in adipocyte cultures. Annexin V is a Ca 2 þ -dependent phospholipidbinding protein that has a high affinity for PS, a membrane phospholipid. Under normal conditions, PS is distributed towards the intracellular leaflet of the cell membrane. During apoptosis, PS is translocated to the outer leaflet of the membrane, where it is exposed to AV. The externalization of PS requires the activation of caspase 3 and calcium flux, 10, 11 both important factors in the apoptotic process. In our study, the percent of AV positive cells increased with increased TNF-a incubation time, indicating more adipocytes were undergoing the apoptotic process. PI, a fluorescent dye that binds to DNA, is not able to permeate normal live cells; thus, it is used to distinguish endstage apoptotic cells from normal viable cells in live cell cultures. In our study, PI intensity was low in controls, but as TNF-a incubation time increased, PI level significantly increased, indicating that an increased number of cells were undergoing late stage apoptosis. PI intensity does not differentiate apoptotic cells from necrotic ones; however, together with the temporal shift and AV intensity, it was clear that apoptosis, not necrosis, resulted in the death process triggered by TNF-a in this study.
We also used the TUNEL method to detect DNA fragmentation in apoptotic cells. Terminal deoxynucleotidyl transferase (TdT) recognizes 3 0 -hydroxyl ends of DNA fragments, and adds deoxyribonucleotides in a template-independent manner. In our study, 5-bromo-2 0 -deoxyuridine 5 0 -triphosphate (BrdUTP) was used as a substrate (deoxythymidine analog) to the TdT reaction to label the break sites. Once incorporated into the DNA, it is detected by anti-BrdU antibody labeled with Alexa Fluor 488 dye. We found that treatment of adipocytes by 25 nM TNF-a for just 4 h resulted in significantly increased DNA fragmentation (Figure 4 ).
TNF-a is a cytokine that is mainly produced by macrophages but also by lymphoid cells, endothelial cells, fibroblasts and adipocytes. 20 TNF-a has a wide range of bioactivities and plays key roles in pro-inflammatory regulation and cachexia. In adipose cells, TNF-a stimulates Laser scanning cytometry for adipocyte apoptosis J Lin et al lipolysis, 21, 22 inhibits preadipocyte differentiation and causes delipidation of newly developed adipocytes. 22, 23 TNF has also been shown to induce adipocyte apoptosis. 7, 13 TNF-a induced apoptosis involves binding to TNF-receptor 1, which results in recruitment of TNF receptor-associated death domain (TRADD) and activation of the cascade of caspases that lead to cell death and phagocytosis by macrophages (for reviews, see Ashe and Berry, 24 and Schultz and Harrington
25
). In obesity, expression of TNF-a in adipocytes is increased, and this is believed to be a major factor in the development of insulin resistance and Type 2 diabetes. 8 TNF-a directly interferes with the insulin signaling cascade, impairs insulinstimulated glucose transport and may act as an important autocrine/paracrine regulator of fat cell function to limit adipose tissue expansion. This could be, at least in part, through triggering adipocyte apoptosis. Change in adipose tissue mass involves change in adipocyte number or volume or both. 26, 27 As apoptosis is an important mechanism in regulating adipose cell number, a better understanding of the mechanisms involved could lead to the development of more effective treatment strategies for obesity and related metabolic disorders. LSC provides a relatively fast method for obtaining both quantitative and morphological information about the apoptotic process in adipocytes; therefore, it can serve as a valuable tool, both to study the molecular mechanisms and to screen potential new drugs for activity in inducing adipocyte apoptosis.
